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SYSTEM AND METHOD FOR EVAPORATOR
OUTLET TEMPERATURE CONTROL

FIELD

The disclosure 1s related to controlling the outlet tem-
perature of an evaporator, and particularly to controlling the
outlet temperature of an evaporator having a plurality of
evaporator tube bundles.

BACKGROUND

In known plant engineering systems, control of the tem-
perature at the outlet evaporator has led to steam evaporator
designed to include a plurality of evaporator tube bundles. A
known method of controlling the temperature at the outlet of
the evaporator involves measuring the tlow through each
evaporator tube bundle individually, then separately control-
ling control the flow through each bundle to obtain the
desired outlet temperature. In theory, this process provides
adequate temperature control. However, in practice the
system can be complex and expensive to maintain as the
number of sensors and the amount of data collected and

processed 1s high.

SUMMARY

An exemplary method for controlling an outlet tempera-
ture of an evaporator having a plurality of evaporator tube
bundles 1s disclosed, the method comprising: computing an
outlet temperature setpoint for the evaporator based on
outlet temperatures of each of the plurality of evaporator
tube bundles; and regulating fluid flow through at least one
of the evaporator tube bundles to reduce deviation between
the outlet temperature of the evaporator and the outlet
temperature setpoint for the evaporator.

An exemplary method for controlling an outlet tempera-
ture of an evaporator having a plurality of evaporator tube
bundles 1s disclosed, comprising: recerving a measured
outlet temperature of each evaporator tube bundle; comput-
ing an outlet temperature setpoint of the evaporator based on
the measured outlet temperatures; comparing an outlet tem-
perature of each evaporator tube bundle to a highest outlet
temperature among the plurality of evaporator bundles; and
computing an adjusted outlet temperature setpoint for each
evaporator tube bundle by adding a delta value resulting
from the comparing to the outlet temperature setpoint.

An exemplary system for controlling an outlet tempera-
ture of an evaporator having a plurality of evaporator tube
bundles 1s disclosed, the system comprising: a controller
having a memory for non-transitory storing a computer
program which will configure the controller to compute an
outlet temperature setpoint for evaporator tube bundles
based on measured outlet temperatures of the evaporator
tube bundles, and to position a control valve of at least one
evaporator tube bundle based on a respective delta value
between an outlet temperature setpoint of the evaporator and
a measured outlet temperature of the at least one evaporator
tube bundle.

An exemplary controller for controlling an outlet tem-
perature ol an evaporator having a plurality of evaporator
tube bundles 1s disclosed, the controller comprising: a pro-
cessor having a memory for non-transitory storing a com-
puter program which will configure the processor to com-
pute an outlet temperature setpoint for an evaporator based
on outlet temperatures of each of plural evaporator tube
bundles, and to regulate fluid flow through at least one of the
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evaporator tube bundles to reduce deviation between the
outlet temperature of the at least one evaporator tube bundle
and the outlet temperature setpoint of the evaporator.

An exemplary computer readable medium 1s disclosed for
non-transitory storing of program code for causing a com-
puter to execute a method comprising: computing an outlet
temperature setpoint for an evaporator based on outlet
temperatures of each of plural evaporator tube bundles; and
regulating fluid flow through at least one of the evaporator
tube bundles to reduce deviation between the outlet tem-

perature of the at least one evaporator tube bundle and the
outlet temperature setpoint of the evaporator.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following the disclosure will be described in greater
detail by means of exemplary embodiments with reference
to the accompanying drawings, 1n which:

FIG. 1 illustrates an overview of an evaporator 1n accor-
dance with an exemplary embodiment of the present disclo-
SUre;

FIG. 2 1s a graph 1llustrating an adjustment of the outlet
temperature setpoint of the evaporator 1n accordance with an
exemplary embodiment of the present disclosure;

FIG. 3 1s a diagram 1illustrating a process configuration of
the processor 1n accordance with an exemplary embodiment
of the present disclosure;

FIG. 4 1s a diagram of control logic for positioning the
control valves of the evaporator tube bundles 1n accordance
with an exemplary embodiment of the present disclosure;
and

FIG. 5 1llustrates a process for temperature control 1n an
evaporator 1 accordance with an exemplary embodiment of
the present disclosure.

DETAILED DESCRIPTION

Exemplary embodiments of the present disclosure are
directed to systems and methods for controlling an outlet
temperature of an evaporator having a plurality of evapora-
tor tube bundles or sections. In particular, the exemplary
embodiments disclosed herein can substantially reduce and/
or eliminate the disparity in temperatures across the outlets
of the plurality of evaporator tube bundles. In addition, the
temperature within each evaporator tube bundle can be
controlled so that differences 1n temperature across the
height of the tube stacks 1s small. By keeping the tempera-
ture diflerences at the outlets of the plurality of evaporator
tube bundles small, a relative constant temperature across
the length of the outlet header can be maintained. Further-
more, controlling the temperature 1n this manner, reduces the
mechanical stress on the evaporator outlet header.

FIG. 1 illustrates an overview of a once-through evapo-
rator 1n accordance with an exemplary embodiment of the
present disclosure.

The evaporator system 100 1s configured to receive feed
water from an economizer (not shown) and output super-
heated steam to a steam turbine (not shown). As shown in
FIG. 1, the evaporator system 100 includes an inlet 102, an
cvaporator section 104, and an outlet 106. The inlet 102
includes a main control valve (CV,,) 108 that regulates the
total flow of feed water through the evaporator system 100.
A main 1nlet header 110 1s located downstream of CV, 108
and distributes the feed water to the evaporator section 104.
The evaporator section 104 includes a plurality of evapora-
tor tube bundles 112, to 112, . Each evaporator tube bundle
112, includes a stack of evaporator tubes 1184, arranged in




US 10,260,734 B2

3

parallel between an inlet header 116, and an outlet header
120 . In accordance with exemplary embodiments of the
present disclosure, the number (v) of the evaporator tubes
118, 1n each evaporator tube bundle 112, 1s selected such
that the temperature of an evaporator tube 118, at the top
of the stack is substantially the same as the evaporator tube
118, at the bottom of the stack. The inlet header 116, of

cach evaporator tube bundle 112  1s connected downstream
of a control valve (CV ..,) 114. Each CV .. 114 regulates the
flow of feed water from the main inlet header 110 of the
evaporator to the associated evaporator tube bundle 112, .

The outlet 106 of the evaporator section 104 1s a com-
bined flow of each evaporator tube bundle 112 to 112, . The
flow from the outlet 106 1s provided to a separator 122.
Steam resulting from the separation process of the separator
122 1s provided to an inlet of a superheating system 124.
Superheated steam can be provided at an outlet of the
superheating system 124 for use by a steam turbine (not
shown).

As shown in FIG. 1, a plurality of sensors 125 are
provided to obtain various temperature and pressure mea-
surements from the evaporator 100. For example, sensors
125, . can be provided to measure the temperature at the
outlet of each evaporator tube bundle 112. Furthermore,
sensors (125 ..~ .. 125 ) can be provided to measure
the outlet temperatures at the separator 122 and the super-
heating system 124. In addition, sensors (125, , 125, .
125, . 125, ) can be provided to measure tempera-
ture and pressure upstream (e.g., at least a location between
the main ilet header 110 and the main control valve 108) of
the main inlet header 110 and immediately downstream
(e.g., at a location between the outlet 106 and the 1nlet of the
separator 122) of the outlet 106 of the evaporator.

The evaporator system 100 also includes a processor 126.
The processor 126 receives an output of each of the plurality
of sensors 125. For example, the processor 126 can receive
a measured outlet temperature T, -1, of each evaporator tube
bundle 112, to 112 . an evaporator outlet temperature T_
a steam outlet temperature 1 o ». ;01 the separator 122, a
steam outlet temperature 1., ,,, 0f the superheating steam
system 124, an inlet temperature T, , an inlet pressure P, of
flow immediately upstream (e.g., at a location between the
main inlet header 110 and the main control valve 108 of the
evaporator 100) of the main 1nlet header 110 of the evapo-
rator 100, and an output pressure P.,-,_ ;01 the evaporator
100. The measured values can be stored 1n resident memory
of the processor 126 and/or 1n an external memory device as
desired.

The processor 126 can be configured to include a plurality
of controllers 128 for controlling the position of one of the
control valves 114,-114_ of the evaporator tube bundles 112,
to 112, . The processor 126 can also include a main controller
130 for controlling the position of the main control valve
108 of the evaporator system 100. In accordance with an
exemplary embodiment of the present disclosure, the pro-
cessor 126 can be configured to compute an outlet tempera-
ture setpoint 1., .- for the evaporator 100 based on
measured outlet temperatures T,-T, of the plurality of
evaporator tube bundles 112, to 112 and position or regulate
the position of a control valve (114,) of at least one of the
plurality of evaporator tube bundles 112, to 112, based on a
respective delta value between the outlet temperature set-
point of the evaporator section 104 and the measured outlet
temperature of the at least one evaporator tube bundle 112, .
The processor 126 can regulate the position of the control
valve 114, of at least one of the evaporator tube bundles 112,
so that a small deviation (e.g., AT=?) between the outlet
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4

temperature T, of the evaporator tube bundles 112 and the
outlet temperature setpoint T,.,., . of the evaporator sec-
tion 104 can be realized. The outlet temperature setpoint
T ..., <z Of the evaporator section 104 1s computed as an
average (T ,;») of the measured outlet temperatures T, to T,
of the plurality of evaporator tube bundles 112, to 112,

FIG. 2 1s a graph illustrating an adjustment of the outlet
temperature setpoint of the evaporator i accordance with an
exemplary embodiment of the present disclosure.

The processor 126 adjusts the position of a control valve
114, of at least one of the plurality of evaporator tube
bundles 112 by adjusting the outlet temperature setpoint
T ..., <7 0Of the evaporator section 104 with respect to the
measured outlet temperature T, of the at least one evaporator
tube bundle 112, to obtain an outlet temperature setpoint
T4 vpr o7, fOr the at least one evaporator tube bundle
112 . In an exemplary embodiment, the processor 126
compares the measured outlet temperature T, of the at least
one evaporator tube bundle 112, to a highest measured outlet
temperature (1,,,+) among the plurality of evaporator tube
bundles 112, to 112 . The delta value or correction
value AT . ,»»_, resulting from the comparison 1s added to
the outlet temperature setpoint T.,., . (or T ) of the
evaporator section 104. Because the highest measured outlet
temperature (1,,,+) 15 a temperature value among the plu-
rality of evaporator tube bundles 112, to 112  that 1s higher
than the outlet temperature setpoint 1., .~ of the evapo-
rator section 104, adjusting the outlet temperature T, of each
evaporator tube bundle 112, to 112, as described to obtain
corresponding outlet temperature setpoint T\ 7 2 cp7,, OF
cach evaporator tube bundle 112, , ensures that the deviation
between the outlet temperature of each evaporator tube
bundle and outlet temperature setpoint T, .. of the
evaporator section 104 1s small and the highest outlet
temperature setpoint 1s reduced.

Based on the adjusted temperature setpoint associated
with each evaporator tube bundle 112, to 112_, the processor
126 generates a respective control signal for positioning the
control valve 114, of the at least one evaporator tube bundle
112 . For example, if the adjusted temperature setpoint
T s nvpr .67, associated with one of the evaporator tube
bundles 112 1s an increase from the previous temperature
value, the control valve 114, 1s adjusted to a more closed
position to restrict the tlow through the evaporator tube
bundle 112 . On the other hand, i1 the adjusted temperature
setpoint 1 5, A7 £ cx7,, associated with one of the evaporator
tube bundles 112 1s a decrease from the previous tempera-
ture value, the control valve 114  1s adjusted to a more open
position to expand the flow through the evaporator tube
bundle 112, .

FIG. 3 1s a diagram 1illustrating a process configuration of
the processor 1n accordance with an exemplary embodiment
of the present disclosure. As shown 1n FIG. 3, the processor
126 1s configured to include control logic for determining,
the highest measured outlet temperature T,,,.- among the
plurality of evaporator tube bundles 112, to 112 . Once
T,,,+1s obtained, the processor 126 can compute the adjust
the outlet temperature T, of each evaporator tube bundle
1127 to obtain a corresponding outlet temperature setpoint
T 5 vpr = <=7, T0or each of the evaporator tube bundles 112,
to 112 as described above.

Stability of the control system 1s a known concern 1n plant
engineering systems that encounter the occurrence of tran-
sients and/or other large changes or fluctuations in a process.
In accordance with an exemplary embodiment of the present
disclosure, an amplification factor WF can be used to
maintain stability 1 the control system when the position of
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a control valve 1s specified. As shown i FIG. 2, the
processor 126 can be configured to multiply the correction
value AT -, by an amplification factor WF. An inset graph
provided in FIG. 3 shows that the amplification factor WF 1s
inversely proportional to the amount of travel x between
position changes 1n the control valve 114, . For example, i
a large diflerence exists between the highest measured outlet
temperature (T,,,.) among the plurality of evaporator tube
bundles 112, to 112 and the outlet temperature setpoint
1oy e (or T ) of the evaporator 100, then the valve
must be controlled to move quickly over a large distance.
This type of movement can destabilize the system such that
a WF<<1 1s multiplied by the correction value to provide
stabilization. On the other hand, i1t small difference exists
between the highest measured outlet temperature (T,,, )
among the plurality of evaporator tube bundles 112, to 112,
and the outlet temperature setpoint 1., , - (or T ,,..) of the
evaporator 100, then the valve must be controlled to move
quickly over a smaller distance such that value of WF closer
to or equal to 1 1s preferred. A table of amplification factors
can be stored 1 memory and accessed or selected by the
processor 126 upon determination of the correction
tactor AT ;%

FIG. 4 1s a diagram of control logic for positioning the
control valves of the evaporator tube bundles 1n accordance
with an exemplary embodiment of the present disclosure.

The processor 126 1s configured execute control logic to
determine a position of the control valves 114, to 114, of the
plurality of evaporator tube bundles 112, to 112, . As shown
in FIG. 4, the processor 126 generates a feed-forward
control signal (FF ) to establish an initial position of a
control valve 114, of the at least one evaporator bundle 112, .
The control signal FF, 1s generated as a function of at least
one of inlet temperature T, and inlet pressure P, of flow at
the main 1nlet header 110 of the evaporator 100, an output
pressure P, - 0f the evaporator system 100, a charac-
teristic of the at least one control valve 114 , and a ratio of
a total flow demand of the evaporator EVAFLOW - to a
total number (n) of evaporator tube bundles. It should be
understood that each control valve 114, to 114, can have
unique characteristics that specily properties and/or an
operational capacity of the respective control valve. By
virtue of knowing the position of a control valve 114, and
the total flow demand of the evaporator EVAFLOW ., the
flow through the evaporator tube bundle 112, can be deter-
mined through known computations. As shown i FIG. 1,
the processor 126 1s configured to distribute the computed
control signals FF, to FF, to the tube bundle controllers 128,
128, . respectively.

According to an exemplary embodiment of the present
disclosure, the processor 126 can be configured to regulate
the flow of fluid (e.g., feed water from the economizer (not
shown)) through the evaporator section 101 based on one of
the measured system values including an evaporator outlet
temperature T__ ., a steam outlet temperature T o5 ;01 the
separator 122, and an steam outlet temperature T £ ., Of
the superheating steam system 124. As shown in FIG. 1, at
least one of the measured values (T, Terp.orm Lereins)
1s provided to the main valve controller 130 of the processor
126. In a first step, the main valve controller 130 compares
the outlet temperature setpomnt T.,., . (or T ,,) of the
evaporator 100 to one of the measured values (1 ,;-

Terr orrm 1oz aar) 10 calculate the total flow demand of the
evaporator EVA-FLOW . Next, the total flow demand of
the evaporator EVA-FLOW ., 1s compared to a measure-
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6

ment of the main flow from the economizer (not shown) to
determine an appropriate position of the main control valve
for the flow demand.

FIG. S 1llustrates a process for temperature control 1n an
evaporator 1n accordance with an exemplary embodiment of
the present disclosure. According to exemplary embodi-
ments ol the present disclosure, the temperature control
process 1s a continuous process that can be 1mitiated follow-
ing system startup, a system fault, or other suitable plant
engineering or system event as desired. The processor 126
can be any known general purpose processor or integrated
circuit such as a central processing unit (CPU), micropro-
cessor, field programmable gate array (FPGA), Application
Specific Integrated Circuit (ASIC), or other suitable pro-
grammable processing or computing device or circuit as
desired. The processor 126 can be configured to include and
perform features of the exemplary embodiments of the
present disclosure through program code encoded or
recorded thereon, or stored 1n a non-volatile memory device,
such as Read-Only Memory (ROM), erasable programmable
read-only memory (EPROM), or other suitable memory
device or circuit as desired. In an exemplary embodiment,
the program code can be recorded on a non-transitory
computer readable medium, such as Magnetic Storage
Media (e.g. hard disks, floppy discs, or magnetic tape),
optical media (e.g., any type of compact disc (CD), or any
type of digital video disc (DVD), or other compatible
non-volatile memory device as desired) and downloaded to
the processor for execution as desired, when the computer
readable medium 1s placed 1n communicable contact with
the processor.

In step 500, the processor 126 determines an initial
position of the control valve and regulates the flow of fluid
(e.g., Teed water from the economizer (not shown)) through
the evaporator 100 based on one of the measured values
including an evaporator outlet temperature T_ ., a steam
outlet temperature 1T..p o+ 01 the separator 122, and an
steam outlet temperature T, ,,, 01 the superheating steam
system 124. The processor 126 uses one of the measured
values to calculate the total flow demand of the evaporator
EVA-FLOW ..

In step 502, the processor 126 receives a measured outlet
temperature T,-1, of each evaporator tube bundle 112, to
112 . The processor 126 then computes an outlet tempera-
ture setpoint T, .- for the evaporator section 101 based
on measured outlet temperatures of the plurality of evapo-
rator tube bundles 112, to 112 (step 504). In step 506, the
processor 126 compares the measured outlet temperature T,
of the at least one evaporator tube bundle 112 to a highest
measured outlet temperature (1,,,.) among the plurality of
evaporator tube bundles 112, to 112, to obtain a correction
value AT -, »» for the outlet temperature T, of the at least one
evaporator tube bundle 112 . In step 508, adjusts the outlet
temperature setpoint T, .- 0l the evaporator section 101
with respect to the measured outlet temperature T, of the at
least one evaporator tube bundle 112, to obtain an outlet
temperature setpomnt T, pn7e<rr, Of the at least one
evaporator tube bundle 112 . Namely the processor 126 adds
the correction value AT, associated with the at least one
evaporator tube bundle 112 to the outlet temperature set-
pomnt T.;, .~ of the evaporator section 101 to obtain
Torvmrrcer,. 10 step 510, the processor 126 adjusts the
position of a control valve 114, of the at least one evaporator
tube bundle 112 based on the adjusted temperature setpoint
1o vprece7,, O the at least one evaporator tube bundle

112, .
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Techniques consistent with the present disclosure provide,
among other features, a system and method for controlling
an outlet temperature of an evaporator having a plurality of
evaporator tube bundles. While various exemplary embodi-
ments of the disclosed system and method have been °
described above 1t should be understood that they have been
presented for purposes of example only, not limitations. It 1s
not exhaustive and does not limit the disclosure to the
precise form disclosed. Modifications and variations are
possible 1n light of the above teachings or may be acquired
from practicing of the disclosure, without departing from the
breadth or scope.

10

What 1s claimed 1s: 5
1. A method for controlling an outlet temperature of an
evaporator having a plurality of evaporator tube bundles,
comprising;
receiving from a plurality of temperature sensors an outlet
temperature measured at the outlet of each of the 20
plurality of evaporator tube bundles;
computing, via a processor, an outlet temperature setpoint

for the evaporator, the outlet temperature setpoint being
the average of the outlet temperatures measured at the

respective outlet of each of the plurality of evaporator

tube bundles;

comparing, via the processor, the measured outlet tem-
perature ol each of the plurality of evaporator tube
bundles to a highest outlet temperature measured
among the plurality of evaporator tube bundles;

computing, via the processor, an adjusted outlet tempera-
ture setpoint for the evaporator by adding a correction
value to the outlet temperature setpoint, the correction
value being the difference between the outlet tempera- ;5
ture setpoint and the highest outlet temperature mea-
sured among the plurality of evaporator tube bundles;
and

adjusting, via the processor or processor controller, a

position of a control valve of at least one of the plurality 40
of evaporator tube bundles based on the adjusted outlet
temperature setpoint to regulate fluid flow through the

at least one of the plurality of evaporator tube bundles

to reduce deviation between the outlet temperature of
the at least one of the plurality of evaporator tube 45
bundles and the outlet temperature setpoint of the
evaporator.

2. The method of claim 1, further comprising multiplying
the delta value by an amplification factor.

3. The method of claim 1, further comprising generating 50
a valve control signal for each of the plurality of evaporator
tube bundles.

4. The method of claim 3, further comprising;:

generating an 1nitial position of the control valve of each

of the plurality of evaporator tube bundles as a feed- 55
forward signal which 1s a function of at least one of an
input temperature and an mput pressure of feed water

to the evaporator, an output pressure of the evaporator,

a characteristic of a respective control valve, and a ratio

of a total flow demand of the evaporator to a total 60
number of evaporator tube bundles of the plurality of
evaporator tube bundles.

5. The method of claim 1 wherein when the correction
value 1s above a predetermined threshold, the method further
comprises multiplying the correction value by an amplifi- 65
cation factor to stabilize a positioning of the control valve of
at least one of the plurality of evaporator tube bundles.

25

30
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6. A system for controlling an outlet temperature of an
evaporator having a plurality of evaporator tube bundles,
cach evaporator tube bundle having a control valve, the
system comprising;:
a controller having a processor and a memory for non-
transitory storing a computer program which will con-
figure the controller to:
receive from a plurality of temperature sensors an
outlet temperature measured at the outlet of each of
the plurality of evaporator tube bundles;

compute an outlet temperature setpoint for the evapo-
rator, the outlet temperature setpoint being the aver-
age of the outlet temperatures measured at the
respective outlet of each of the plurality of evapo-
rator tube bundles;

compare the measured outlet temperature of each of the
plurality of evaporator tube bundles to a highest
outlet temperature measured among the plurality of
evaporator tube bundles;

compute an adjusted outlet temperature setpoint for the
evaporator by adding a correction value to the outlet
temperature setpoint, the correction value being the
difference between the outlet temperature setpoint
and the highest outlet temperature measured among,
the plurality of evaporator tube bundles; and

adjust a position of a control valve of at least one of the
plurality of evaporator tube bundles based on the
adjusted outlet temperature setpoint to regulate fluid
flow through the at least one of the plurality of
evaporator tube bundles to reduce deviation between
the outlet temperature of the at least one of the
plurality of evaporator tube bundles and the outlet
temperature setpoint of the evaporator.
7. The system of claim 6, wherein the computer program
will configure the controller to compute an nitial valve
position of at least one evaporator tube bundle of the
plurality of evaporator tube bundles.
8. The system of claim 7, the system configured such that
the 1nitial valve position will be sent during operation to the
at least one evaporator tube bundle of the plurality of
evaporator tube bundles as a feed forward signal.
9. The system of claim 6, wherein the computer program
will further configure the controller to regulate fluid flow
through the evaporator based on an outlet steam temperature
ol a separator, and an outlet steam temperature of a steam
superheating system.
10. The system of claim 6, in combination with the
evaporator having a plurality of evaporator tube bundles,
and the control valve of at least one evaporator tube bundle.
11. A controller for controlling an outlet temperature of an
evaporator having a plurality of evaporator tube bundles, the
controller comprising:
a processor having a memory for non-transitory storing a
computer program which will configure the processor
to:
receive from a plurality of temperature sensors an
outlet temperature measured at the outlet of each of
the plurality of evaporator tube bundles;

compute an outlet temperature setpoint for the evapo-
rator, the outlet temperature setpoint being the aver-
age ol the outlet temperatures measured at the
respective outlet of each of the plurality of evapo-
rator tube bundles:

compare the measured outlet temperature of each of the
plurality of evaporator tube bundles to a highest
outlet temperature measured among the plurality of
evaporator tube bundles;
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compute an adjusted outlet temperature setpoint for the
evaporator by adding a correction value to the outlet
temperature setpoint, the correction value being the
difference between the outlet temperature setpoint
and the highest outlet temperature measured among 3
the plurality of evaporator tube bundles; and

adjust a position of a control valve of at least one of the
plurality of evaporator tube bundles based on the
adjusted outlet temperature setpoint to regulate fluid
flow through the at least one of the plurality of 10
evaporator tube bundles to reduce deviation between
the outlet temperature of the at least one of the
plurality of evaporator tube bundles and the outlet
temperature setpoint of the evaporator.

x x * Cx x 15
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